Artemisia annua is an annual herb used in traditional Chinese medicine. A cDNA library was constructed from leaves of A. annua seedlings and target sequences were amplified by PCR using degenerate primers derived from a consensus sequence of angiosperm terpene synthases. Two clones, QH1 and QH5, with high sequence similarity to plant monoterpene synthases were ultimately obtained and expressed in Escherichia coli. These cDNAs encode peptides of 567 aa (65.7 kDa) and 583 aa (67.4 kDa), respectively, and display 88% identity with each other and 42% identity with Mentha spicata limonene synthase. The two recombinant enzymes yielded no detectable activity with isopentenyl diphosphate, dimethylallyl diphosphate, chrysanthemyl diphosphate, farnesyl diphosphate, (؉)-copalyl diphosphate, or geranylgeranyl diphosphate, but were active with geranyl diphosphate in yielding (3R)-linalool as the sole product in the presence of divalent metal cation cofactors. QH1-linalool synthase displays a K m value of 64 M for geranyl diphosphate, which is considerably higher than other known monoterpene synthases, and a K m value of 4.6 mM for Mg ؉2 . Transcripts of QH1 and QH5 could be detected by RT-PCR in the leaves and inflorescence of A. annua, but not in the stem stele or roots; transcripts of QH5 could also be detected in stem epidermis. Linalool could not be detected by GC-MS in the essential oil of A. annua, nor in acid or base hydrolysates of aqueous extracts of leaves. RT-PCR demonstrated a wound-inducible increase in QH1 and QH5 transcript abundance in both leaves and stems over a 3-day time course.
Artemisia annua L. (Asteraceae) is a fragrant annual herb widely distributed in Asia, Europe, and North America. The use of this plant (Qinghaosu) in Chinese traditional medicine was recorded before 168 BC and the Chinese naturalist Li Shi-Zhen described the use of A. annua for treatment of malaria and other diseases in his 1596 book "Compendium of Materia Medica" (1, 2) . Extensive chemical analyses of the essential oil of A. annua have demonstrated the presence of several classes of secondary metabolites including terpenoids and flavonoids with pharmacological or biocidal activities (for recent reviews see 3, 4) . Artemisinin, the anti-malarial component of A. annua oil, was identified as a tetracyclic sesquiterpene lactone (1, 5) .
The monoterpene fraction of the essential oil from A. annua is composed of a diverse array of structures from the prosaic, regular monoterpenes such as ␣-pinene, cineole, and camphor, to the rearranged, such as fenchol and camphene hydrate, and to the irregular, such as artemisia alcohol, artemisia ketone, and santolina triene (6 -8) . Deciphering the genetic control and the structure-function relationships of the catalysts required to generate this melange of terpenoids requires the isolation and identification of the encoding cDNAs. Here we report the isolation of two cDNAs from A. annua that encode the monoterpene synthase, linalool synthase.
25°C under a 12-h photoperiod. Two-week-old seedlings were used for wound-induction experiments, whereas the cDNA library was constructed from flowering plants. To isolate the essential oil, 3 g of leaves or flowers of A. annua were extracted with 2 ml of pentane at room temperature for 2 h. The pentane extract was passed through a 2-ml column of MgSO 4 -silica gel (Mallinckrodt SilicAR-60) to provide an olefin fraction; the column was then washed with diethyl ether to provide an oxygenated terpene fraction. Both fractions were examined for monoterpene content by GC-MS analysis as previously described (9) . Since linalool may exist in A. annua as a conjugate (ester, glycoside, etc.), an aqueous extract of leaves was prepared and then either HCl or NaOH was added to 0.25 M to cleave the conjugate, and the hydrolysate was then partitioned with diethyl ether. The ether phases from each preparation were back-extracted with aqueous 0.1 M NaOH or 0.1 M HCl, respectively, then passed over a MgSO 4 -silica gel column to prepare the samples for GC-MS analysis.
The preparations of 1-3 H-labeled geranyl diphosphate (GDP) 4 (250 Ci/mol) (10), [1- 3 H]FDP (125 Ci/mol) (11) , and [1-3 H]GGDP (118 Ci/mol) (12) have been reported previously. Chrysanthemyl diphosphate (CDP) (see Fig. 2A ) was a gift from C. D. Poulter (University of Utah) and (ϩ)- [1- 3 H]CODP (250 Ci/mol) was a gift from R. M. Coates (University of Illinois). Terpenoid standards were from our own collection. All other biochemicals and reagents, including IDP and DMADP, were purchased from Sigma Chemical Co. or Aldrich Chemical Co., unless otherwise noted.
cDNA library construction. The inflorescence, leaves, and stems of A. annua were collected in liquid nitrogen and then ground to a fine powder. Total RNA was extracted by a cold phenol method (13) , and mRNAs were further purified with an oligo(dT) cellulose column according to the manufacturer's instructions (Promega, Madison, WI). A cDNA library was then constructed with 5 g of mRNA using a ZAP cDNA synthesis kit (Stratagene, La Jolla, CA) and packaged into phage according to the Stratagene protocol.
cDNA isolation. Based on the consensus peptide sequences LL-RQHG and RWW[K/R]DL, derived from comparisons of tobacco epiaristolochene synthase (14) , Hyocyamus muticus vetispiradiene synthase (15) , cotton ␦-cadinene synthase (16), spearmint limonene synthase (17) , and Perilla frutescens limonene synthase (18) , 30 s; 46°C,  30 s; 72°C, 30 s; for 35 cycles followed by 72°C, 5 min) using library cDNA as template and the terpenoid synthase-specific primer 9315 and a vector-specific primer (T 3 , Stratagene). Nested PCR was carried out with the primary amplification products as templates using primers 9701 and 9315 to obtain amplicons of about 400 bp. Four independent amplicons were sequenced; three were closely related with over 95% identity between them, and one was more distantly related to the other three (about 65% identity). From the sequences of the three similar amplicons, a degenerate sense primer designated 9705 (5Ј-G(A/C)ATGCT(A/T)AATTTGTATGA-3Ј) and an antisense primer designated 98T8 (5Ј-GATCCTCAAGATGGATAGC-3Ј) were synthesized and used for PCR-based library screening (19, 20) . One microliter of the library (ca. 10 8 PFUs) was mixed with E. coli XL1-Blue cells in a 96-well plate and allowed to incubate overnight at 37°C. Each well was examined by PCR using primers 9705 and 98T8. The contents of positive wells were diluted 100-fold for the next round of screening. After four rounds, the contents of the positive wells were incubated with E. coli and then applied to an agar plate, and single plaques were screened by PCR. Positive plaques were excised in vivo and then partially sequenced. Two clones, each sharing ca. 90% identity with the three original PCR amplicons, were thus obtained. These clones were designated QH1 and QH5, and were sequenced in entirety using a Dye Terminator Cycle Sequencing FS Ready Reaction Kit (PE-ABI, Warrington, UK). The resulting sequences were analyzed using the Wisconsin Package version 9.1 (Genetics Computer Group, Inc., Madison, WI).
Truncation of the cDNAs. Comparison of the sequence of QH1 with QH5 and with other terpene synthases revealed that QH1 was truncated by approximately 28 nucleotides and that QH5 was apparently full-length. In order to remove the N-terminal plastidialtargeting sequences (21) of both QH1 and QH5, a sense primer designated QHP1 (5Ј-GCCAGAATTCAATGAGGCGATCAGCAAA-TTA-3Ј) was designed in which a translation start codon was placed immediately upstream of Arg 48 Arg 49 and adjacent to a unique EcoRI restriction site (see Fig. 1 ). Using this primer in conjunction with the antisense vector primer T 7 and plasmids QH1 or QH5 as templates, PCR was performed with Taq plus II (94°C, 30 s; 54°C, 30 s; 72°C 1 min; for 25 cycles). The resulting amplicons were doubly digested with EcoRI and XhoI, and the 1.7-kb fragments were ligated into pBSK(ϩ) (Stratagene) that had been digested with the same enzymes. The truncated versions of QH1 and QH5 were designated QH1T and QH5T, respectively.
RNA analysis and wounding. Two antisense primers designated QH1PR2 (5Ј-GACAAGAATACTAAGATCTC-3Ј) and QH5PR1 (5Ј-ATGTGAACCCGTGGAACTATC-3Ј), specific to the 3Ј-untranslated regions of QH1 and QH5, respectively, and a sense primer designated QHP2 (5Ј-TTGGACAATGCTTGTGTATCG-3Ј), directed to a conserved region in both QH1 and QH5, were synthesized. For qualitative RT-PCR analysis of the QH1 and QH5 transcripts, 1 g total RNA isolated from various seedling tissues was added into 20 l of reverse transcriptase reaction mixture (Promega). For analysis of transcript abundance, one l of the reaction product was used as template and primed by QHP2 and either QH1PR2 or QH5PR1 in a PCR-based amplification (94°C, 30 s; 50°C, 30 s; 72°C, 30 s; for 30 cycles).
Two-week-old seedlings were wounded (22) , and then total RNA was isolated from the leaves and stems of four individual plants over a 3-day time course. cDNA was generated by reverse transcriptase as above and then analyzed for QH1 and QH5 transcript abundance by PCR with primers QHP2 and either QH1PR2 or QH5PR1A. As an internal control, transcripts for ubiquitin extension protein in the reverse transcriptase reaction product were analyzed by PCR using a sense primer UB1 (5Ј-ATGCA(AG)AT(TCA)TT(TC)GTNAA-3Ј) and antisense primer UB2 (5Ј-TGNCC(GA)CA(CT)TT(TC)TT(TC)TT-3Ј), which were synthesized according to the Arabidopsis ubiquitin extension protein cDNA sequence (23) .
Bacterial expression and enzyme assays. E. coli XL1-Blue cells harboring plasmid QH1, QH1T, QH5, QH5T, or empty pBluescript were grown overnight at 37°C in LB medium containing 100 g ampicillin/ml. A 500-l aliquot of the overnight culture was used to inoculate 50 ml of fresh medium supplemented with 100 g/ml ampicillin. Each culture was grown at 37°C with vigorous agitation to A 600 ϭ 0.5 before induction with 1 mM IPTG and then immediately transferred to a 20°C incubator and allowed to grow overnight with agitation. The suspended cells were centrifuged (1000g, 15 min, 4°C), the medium was removed, and the pelleted cells were resuspended in 4 ml of cold assay buffer containing 25 mM Mopso (pH 7.0), 10 mM sodium ascorbate, 25 mM KCl, 10 mM DTT, 1 mM EDTA, and 10% glycerol. The cells were disrupted by sonication (Braun-Sonic 2000 microprobe at maximum power for two 40-s bursts with a 1-min chilling period on ice between bursts), and the sonicate was centrifuged at 4500g for 15 min. The supernant was transferred to a 10-ml Teflon-capped, glass screw-top tube and adjusted to a final concentration of 10 mM MgCl 2 and 20 M MnCl 2 for the assay.
Terpenoid synthase activity of the bacterial extracts were evaluated by the addition of CDP, [1-
3 H]GGDP (9.2, 4.5, 4.5, 7.3, and 10 M, respectively) to individual reaction mixtures, which were then overlaid with 1 ml of pentane to trap volatile products (except for the tubes containing CODP or GGDP), and the sealed tubes were incubated at 30°C for 2 h. The reaction mixture was extracted a total of three times with 1 ml of pentane each and the combined organic phase was passed over a MgSO 4 -silica gel column to yield the terpene olefin fraction. The remaining aqueous phase was subsequently extracted with diethyl ether, and the ether extract was passed over the corresponding silica column to provide an oxygenated terpene fraction. An aliquot from each fraction was taken for liquid scintillation counting, and the remaining organic phase then concentrated for GC-MS analysis as described previously (9) .
Phosphorylated products remaining in the extracted aqueous phases of the assays were hydrolyzed by the addition of Tris (pH 8.0) to 100 mM containing 4 units apyrase and 9 units alkaline phosphatase. The mixture was incubated at 30°C for 3 h and then extracted with ether, and the extract was passed through MgSO 4 -silica as before in preparation for GC-MS analysis as above.
Bacterial extracts were also examined for prenyl transferase activity by incubation of the extract with both 10 M IDP and 10 M DMADP under the conditions described. The ether extracts from both the direct assay mixture and the subsequent phosphatasetreated assay mix were analyzed for terpenoid products as above.
To evaluate the possibility that QH1T and QH5T are monomeric units of an unusual heterodimeric terpene synthase/prenyltransferase, 50 ml bacterial cultures of each clone were grown as before, then mixed prior to cell harvest by centrifugation. The resulting pelleted cells were then sonicated as before and assayed for prenyltransferase activity (with IDP and DMADP) and for terpenoid synthase activity (with CDP and [1- 3 H]GDP). The products of the assays were then examined by GC-MS as before.
Partially purified preparations (see below) of the translation products of QH1T and QH5T were incubated with [1- 3 H]GDP to generate monoterpene products for analysis by GC-MS employing a chiral ␤-cyclodextrin-SM column (Restek, 0.25 mm i.d. ϫ 30 m with cool on-column injection and oven programming from 40 to 160°C (10°C/ min) at 0.7 ml He/min as carrier gas). Authentic (Ϫ)-3R-linalool and (ϩ)-3S-linalool were employed as standards, and a buffer control was included in the assay to monitor formation of solvolytic products generated from [1- 3 H]GDP.
Enzyme kinetics. The truncated linalool synthase expressed from QH1T was selected for analysis of kinetic parameters. Cultures (50 ml) of E. coli harboring QH1T were grown and lysed, as above, into the standard assay buffer lacking sodium ascorbate and KCl but including 50 mM EDTA. The clarified lysate was applied to a Mono Q column (Pharmacia FPLC) equilibrated in assay buffer lacking sodium ascorbate, KCl, and EDTA, which was developed with a linear gradient of 0 -400 mM KCl (3 ml/min, 120 ml). The eluant was monitored at 280 nm, and 3-ml fractions were assayed for synthase activity. Assays were conducted in 1.5-ml Eppendorf tubes containing 200 l of eluant, 4.5 M [1-
3 H]GDP, 10 mM MgCl 2 , which were overlaid with pentane. The reaction mixtures were incubated at 30°C for 1 h, after which the reaction was terminated by addition of EDTA to 100 mM; a small amount of methylene blue was added to assist in visualization of the phase boundary formed during pentane extraction (2 ϫ 1 ml). The combined pentane extract was added to 10 ml Omnifluor for liquid scintillation counting. Active enzyme eluted in the 120 -200 mM KCl fractions, and the reaction products from these fractions were analyzed by GC-MS to distinguish between phosphatase (producing geraniol) and monoterpene synthase (producing linalool) activity. Fractions containing linalool synthase were pooled then used for determination of K m employing [1- 3 H]GDP (concentra-
. Assays were performed in triplicate along with buffer controls for each concentration of [1- 3 H]GDP and metal divalent cation. The mean dpm values recorded in buffer controls were subtracted from the corresponding assay, and K m values were determined from double reciprocal plots (24) generated with EnzymeKinetics (Trinity Software).
RESULTS AND DISCUSSION
cDNA isolation and characterization. After nested PCR amplification of the cDNA library with the degenerate primers 9705 and 98T8, four cDNA fragments were isolated which showed significant similarity to plant monoterpene synthases. Three of the fragments bore high sequence identities (Ͼ90%) to each other and were used to design primers for PCR screening of the cDNA library from which two cDNA clones, QH1 and QH5, were obtained. QH5 was 1869 bp long and QH1 was 1782 bp long and lacked about 84 nucleotides from the 5Ј-terminus (Fig. 1 ) when compared to QH5 or other monoterpene synthases (17, 18, 25) . This truncation occurred in the translated N-terminal plastidial targeting sequence that is found in the preprotein of all cloned monoterpene synthases (26) . Fortuitously, a methionine in the N-terminal region of QH1 provided a substitute for the missing translation start site and allowed translation of a functional enzyme from QH1 as determined by enzyme assay.
Comparison of the deduced protein encoded by QH1 to that encoded by QH5 revealed a high degree of sequence homology (88% identity, 91% similarity) (Fig.  1 ). QH1 encodes a truncated, deduced protein of 567 aa with a mass of 65.7 kD and calculated pI of 6.22, whereas QH5 encodes a very similar deduced protein of 583 aa with a mass of 67.4 kDa and a calculated pI of 6.60.
The deduced amino acid sequences of QH5 and QH1 are 42% identical to the limonene synthases of Mentha spicata (17) and Perilla frutescens (18) and 41% identical to 1,8-cineole synthase of Salvia officinalis (25) . QH1 and QH5 are distantly related to Clarkia linalool synthase (22% identity and 32% similarity) (27) ; however, the sequence of the Clarkia linalool synthase is also only distantly related to that of other monoterpene synthases, and it appears to represent an outlying branch of the terpenoid synthase (Tps) gene family (26) . The two Artemisia proteins are more distantly related to angiosperm sesquiterpene cyclases, sharing only 33-34% identity with cotton ␦-cadinene synthase (16), tobacco 5-epi-aristolochene synthase (14) , and H. muticus vetispiradiene synthase (15) . QH1 and QH5 are even more distantly related to epi-cedrol synthase from A. annua (28) , suggesting an ancient divergence of the QH1/QH5 lineage from the sesquiterpene synthases.
LINALOOL SYNTHASE FROM Artemisia annua
Like QH1 and QH5, the diterpene synthase casbene synthase from Rincus communis also contains a plastidial targeting sequence; however, this synthase exhibits only 30% identity with the two Artemisia enzymes (29) . The diterpene cyclase, kaurene B synthase from pea (GenBank Accession No. U43904), aligns poorly with the two Artemisia enzymes, displaying only 24% identity. The diterpene cyclases, copalyl diphosphate synthase from Stevia (Asteraceae) and kaurene A synthase from corn (GenBank Accession Nos. AF034545 and L37750, respectively), give alignments that are no better than random with the two Artemisia enzymes.
Both QH1 and QH5 encode tandem arginine residues near the N-terminus (Fig. 1) , which are highly conserved in the monoterpene synthases and are necessary for full catalytic capability in the utilization of GDP (21) . The residues preceding the tandem arginine pair also share the common features of plastid-targeting sequences found in other monoterpene cyclases, such as enrichment in threonine and serine residues (17, 21, 25) . Both QH1 and QH5 encode a DDXXD site that is considered to function in the coordination of the divalent cation-prenyl diphosphate substrate complex (30) . This site occurs in all known terpene synthases and prenyl transferases (26, 30) .
The peptide encoded by QH1 contains a second, more N-terminal DDXXD site (Fig. 1) , comparable to the twin DDXXD sites found in prenyl transferases (31) . However, comparison of the peptide sequence of QH1 with the sequences of Chrysanthemum CDP synthase, sunflower FDP synthase, and sunflower GGDP synthase (GenBank Accession Nos. I13995, AF019892, and AF020041, respectively) revealed similarities no better than that obtained by random alignment. Therefore, sequence comparisons with the known enzymes of terpenoid biosynthesis suggest that these two Artemisia proteins represent monoterpene synthases.
Product analysis and enzyme kinetics. Neither the QH1 nor QH5 recombinant enzyme was catalytically active when supplied with CDP, [1-
3 H]CODP as substrate, as measured by radiomonitoring or GC-MS analysis. Trace amounts of artemisia alcohol and yomogi alcohol ( Fig. 2A) were detected in assays using CDP as substrate; however, similar amounts of these products were also detected in the assays of extracts of bacteria that were transformed with empty vector. Hydrolysis products of all the prenyl diphosphate substrates tested were found in the assays of the recombinant enzyme, but the amounts of these products were consistent with their formation by contaminating phosphatase activity and/or solvolysis. The single exception was a nearly fivefold increase in linalool formation (Fig. 2B) , relative to geraniol released by phosphatases, in assays with GDP as substrate compared to control assays. Trunca- 146 tion of the leader peptide from the QH1 or QH5 enzymes resulted in an increase in linalool production of 110-fold (relative to geraniol) compared to extracts of bacteria sheltering empty vector. Linalool was confirmed by GC-MS analysis (Figs. 3B and 3C) . No olefins or other oxygenated products derived from [1- 3 H]GDP by the recombinant enzymes were detected relative to controls, and phosphatase hydrolysis of the aqueous phase of the assays revealed no new products.
Both recombinant enzymes were inactive with the combination of IDP and DMADP as substrates; however, under these conditions a trace amount of linalool was produced. Since phosphatase treatment of the aqueous phase from this reaction mixture revealed the presence of farnesol and geraniol, it seems likely that the trace amount of linalool was derived from GDP generated as a by-product of endogenous E. coli farnesyl diphosphate synthase activity, as these prenyl diphosphates (but not linalool) were also present in empty vector controls. The combination of evidence suggests that these recombinant enzymes convert GDP to linalool as the sole product, for which these catalysts are named.
Both truncated linalool synthases were partially purified by ion-exchange chromatography and used for further characterization. Separation by the chiral phase GC of the linalool product generated by each enzyme revealed the presence of only enatiomerically pure (3R)-linalool; as expected, linalool produced by solvolysis of GDP in buffer controls was racemic (Fig. 3A) .
To examine the possibility that the QH1 and QH5 clones code for subunits of a heterodimeric protein, the combination of QH1T and QH5T (which most closely resembles the native, mature forms (21)) were tested, but the combination resulted in no alteration in product formation with IDP and DMADP or [1- 3 H]GDP as substrates compared to either linalool synthase alone. In assays with CDP as substrate, the truncated protein mixture generated a slightly higher amount of yomogi alcohol as compared to either QH1T-or QH5T-linalool synthase alone. This increase, however, was miniscule compared to the amount of solvolytic formation of yomogi alcohol, so it is highly unlikely that these proteins constitute subunits of a yomogi alcohol synthase.
Partial purification of QH1T-linalool synthase accompanied by removal of divalent cations with EDTA resulted in the apparent loss of nearly 95% of the activity that could be fully restored by the addition of 10 mM Mg ϩ2 ; however, the addition of 20 M to 10 mM Mn ϩ2 did not restore activity. The K m value for GDP was calculated to be 64 M by double-reciprocal plots. This value is at least 50-fold higher than the values reported for other monoterpene synthases (17, 21, 25) . The K m value for Mg ϩ2 was calculated to be 4.6 mM, also by double-reciprocal plots.
No linalool was detected by GC-MS in the essential oil of leaves or inflorescences of A. annua, nor in acidor base-hydrolyzed aqueous extracts of leaves. Linalool has been reported from A. annua, but only in mature, flowering plants where it may accumulate to 4% of the essential oil (32) .
Linalool synthase catalyzes the formation of linalool from GDP by ionization of the diphosphate ester with the assistance of divalent metal cation(s) coordinated by the DDXXD motif of the enzyme to generate the linalyl cation (Fig. 2B) . Capture by water present at the active site on the si face of the linalyl cation generates the terminal product. Alternatively, after initial ionization of GDP, reinsertion of the diphosphate anion to form linalyl diphosphate may occur. Following reionization, quenching of the linalyl cation by water on the si face would also generate (3R)-linalool. This latter scheme, while mechanistically more complex, would resemble the formation of linalyl diphosphate that is a required step during synthesis of cyclic monoterpenes (17, 18, 25) .
Expression and induction pattern. RNAs obtained from seedlings and from plants at the flowering stage were analyzed by RT-PCR for expression of QH1 and QH5 transcripts. QH5 was expressed in almost every aerial organ except for the stem stele of mature plants (Fig. 4A) . A particularly high level of QH5 message was detected in the inflorescence; however, QH5 was also actively transcribed in leaf and the stem tissue of young seedlings. The QH1 transcript possessed a more restricted expression pattern, with a relatively high level found in leaves and a lower level in the inflorescence but it was not detected in stems, stem epidermis, or stem stele (Fig. 4B) . Transcripts for QH1 or QH5 were not detected in roots.
Transcripts of both QH1 and QH5 were greatly increased in leaves and, to a lesser extent, in stems after wounding (Fig. 5) , and the steady-state levels of these transcripts continued to increase during the time course of the experiment. Both QH1 and QH5 may be involved in an inducible defense system to ward off insect or pathogen attack.
CONCLUSION
Sequence comparisons of QH1 and QH5 with cloned enzymes of plant terpenoid metabolism suggest that QH1 and QH5 encode monoterpene synthases. Assays of the recombinant enzymes with an extensive array of prenyl diphosphate substrates revealed product formation only with GDP, by mechanistically facile conversion to the monoterpene linalool. Evaluation of kinetic parameters for the QH1T-linalool synthase revealed a K m value for GDP that is almost certainly too high to be physiologically relevant for the formation of linalool in planta. Although the QH1 and QH5 transcripts appear to be expressed in the aerial portions of A. annua, linalool could not be detected in these tissues. This evidence leads to the conclusion that, even though QH1 and QH5 appear to encode terpenoid synthases, GDP may be not be the natural substrate, nor linalool the natural product, of these enzymes in vivo.
Recombinant bornyl diphosphate synthase from S. officinalis (25) is a homodimeric enzyme (to which the two Artemisia enzymes share only 38% identity) as is native trans-sabinene hydrate synthase from Mentha candicans (unpublished) . No heteromultimeric terpene synthases have been reported. Nevertheless, the possibility that QH1 and QH5 encode monomers of a multimeric enzyme cannot be ruled out. Thus, even though the pseudomature enzymes encoded by QH1T and QH5T did not spontaneously associate to form a functional heteromultimer in vitro, the E. coli extract may not contain the requisite chaperones or necessary processing machinery that is present in plant plastids to direct the fruitful coupling of these two proteins. In addition, these two proteins may not constitute the correct complementary pair, and a third protein may be required to complete the functional heteromultimer.
The production of linalool by each protein may be an artifact of a crippled monoterpene synthase which can catalyze only the initial ionization and rearrangement of GDP but is unable to proceed through subsequent cyclization steps to more complex products. We previously have examined several cDNAs from plants of the Lamiaceae and the Solanaceae that apparently encode monoterpene synthases, as determined by sequence comparisons, but which do not express functional terpenoid synthase activity under a broad range of test conditions. These results, in combination with the present detailed examination of QH1 and QH5 proteins, suggest the existence of a group of monoterpene synthases that function in vivo as multimers or that require processing or secondary modification that is not possible under the conditions of heterologous expression in E. coli.
